Cephalopods such as octopuses have a combination of a stretchable skin and colortuning organs to control both posture and color for visual communication and disguise. We present an electroluminescent material that is capable of large uniaxial stretching and surface area changes while actively emitting light. Layers of transparent hydrogel electrodes sandwich a ZnS phosphor-doped dielectric elastomer layer, creating thin rubber sheets that change illuminance and capacitance under deformation. Arrays of individually controllable pixels in thin rubber sheets were fabricated using replica molding and were subjected to stretching, folding, and rolling to demonstrate their use as stretchable displays. These sheets were then integrated into the skin of a soft robot, providing it with dynamic coloration and sensory feedback from external and internal stimuli.
B
iological systems employ a host of strategies for visual display and camouflage. Cephalopods, for example, can mimic their environment by changing skin color and texture, as well as posture (1) . Recent developments in soft robotics (2, 3) , bioinspired design (4, 5) , and stretchable electronics (6) reveal strategies that enable us to engineer some of the functions of cephalopod skin synthetically. For example, microfluidic networks filled with liquid dyes have been used as active camouflage and displays for soft mobile robots, giving them the ability to change their appearance via color, texture, and luminescence (7) . More recently, electro-mechanochemically responsive films were exploited to render fluorescent patterns under the control of electric fields (8) , and adaptive optoelectronic camouflage systems have been used to mimic the visual appearance of cephalopod skin (9) . Another approach is the use of active display technologies, such as polymeric light-emitting devices (PLEDs) and organic light-emitting diodes (OLEDs), which use stretchable transparent electrodes based on indium tin oxide (ITO) films (10) , graphene (11) , single-or multi-walled carbon nanotubes (SWNTs or MWNTs) (12, 13) , polyethylene-dioxythiophene: polystyrene-sulfonate (PEDOT:PSS) (14) , or other percolated networks of conductive colloids or nanowires (15) . Despite the broad applicability of LED-based systems for consumer displays, their electrical function is limited to ultimate strains, e ult < 120% (16) , well below the ultimate strain of elastomers (such as silicones; e ult~4 00 to 700%) that are used in soft robotics to mimic the movements of animals.
Biological skin also enables animals to sense their environments. A number of approaches have been used to create pressure-sensitive electronic skins, including arrays of organic fieldeffect transistors (FETs) deposited on flexible parylene-polyamide substrates (17, 18) and inside stretchable rubber (19) , as well as thin Au films and liquid metal embedded in polydimethylsiloxane (PDMS) (20, 21) . More recently, dielectric elastomer transducers (DETs), which are stretchable capacitors composed of highly extensible ionic hydrogels, have been used. These hydrogels are intrinsically soft, highly transparent in the visible spectrum (extinction coefficient
) (22), can exhibit very high ultimate strain (e ult~2 000%) and toughness (U9 kJ m −2 ) (23), and have relative changes in resistivity with strain that are orders of magnitude less than those of electrodes based on percolated networks of conductive particles (such as metal nanoparticles, carbon powder, or nanotubes) (24) .
Presently, soft robots are primarily used because their low mechanical compliance enables safe human-robot interaction; however, their potential is limited by a lack of suitable electronics that can stretch continuously with their bodies. No soft robot can dynamically display information on its body, and there are relatively few examples that can sense external and internal stimuli. Here we present a hyperelastic lightemitting capacitor (HLEC) that enables both light emission and touch sensing in a thin rubber sheet that stretches to >480% strain (Fig. 1A) . These HLECs are composed of ionic hydrogel electrodes and composites of doped ZnS phosphors embedded in a dielectric matrix of silicone elastomer. We used electroluminescent (EL) phosphor powders that emit light via excitations within intrinsic heterojunctions under an AC electric field; unlike current-driven LEDs, which require lithography to form p-n junctions, this material system can be processed using replica molding. Application of an AC electric field causes luminescence within the semiconducting phosphor at wavelength centers corresponding to the dopants in the ZnS lattice. Green and blue centers are typically produced using low [~0.01 weight % (wt %)] and high (~0.1 wt %) concentrations of Cu, whereas yellow is produced using Mn (~1 wt %) (25) . White light can be achieved using combinations of these dopants.
The HLEC (Fig. 1B) is a five-layer structure consisting of an electroluminescent dielectric layer that is sandwiched between two electrodes and encapsulated in low elastic modulus (E~30 kPa) (26) ), ionic strength, and hygroscopic nature, whereas polyacrylamide (PAM) is used as the elastomeric matrix because of its high toughness (27) and optical transparency. Electrodes are synthesized by first dissolving acrylamide monomer (AAm), polyacrylamide, and N,N′-methylenebisacrylamide crosslinker in aqueous LiCl and casting the solution onto an ultraviolet (UV)-ozone-treated silicone (Ecoflex 00-30) substrate. The aqueous PAM-AAm solution is then crosslinked under UV light (28), producing a highly stretchable and transparent electrode. The EL layer is formed by mixing commercially available phosphor powders (Global Tungsten & Powders) (25 mm,~8% by volume) into silicone (Ecoflex 00-30) and then molding the dispersion into a 1-mm-thick sheet. Finally, we bond the EL layer between the two electrode-patterned silicone substrates and encapsulate the capacitor in an insulating layer of silicone.
The stress-strain curves of the HLEC and its silicone-containing layers (Ecoflex and Ecoflex-EL composite) are all coincident, whereas the elastic modulus of the hydrogel is two orders of magnitude lower, allowing the HLEC to stretch freely without delaminating. Mechanical testing data ( Fig. 1C and data table S2) and images ( Fig. 2A, data table S3 , and movie S1) show the excellent adhesion between the layers. The HLEC achieved a mean strain of 487 ± 59% (SD), as measured at five locations across the width of the illuminated section, with portions exceeding 500% before the external copper leads lost contact with the hydrogel electrodes. For these tests, the HLECs were operated at 700 Hz under a nominal electric field of~25 kV cm ) (28). We used this same replica molding technique to form an 8-by-8 array of 4-mm pixels (Fig. 3A) . This HLEC display can undergo many deformation modes, including stretching, rolling, folding, and wrapping (Fig. 3, B to E, and movie S2). Dynamic control of the pixels is shown in Fig. 3 , F to I.
In addition to emitting light, the HLEC also serves as a dielectric elastomer sensor (DES), due to its construction as a parallel-plate capacitor. Changes in the electrode area (A) and separation distance (d) cause the capacitance (C) to change according to C/C 0 º Ad -1 , allowing the HLEC to sense deformations from pressure and stretching. The capacitance of the HLEC changes as it is stretched under uniaxial (Fig. 2B and data S4) and biaxial ( fig. S2 and data S5) tension (28) . We model the capacitance by expressing A and d in terms of the principal stretches, l 1 , l 2 , and l 3 , which represent the axial, transverse, and outof-plane orientations, respectively (supplementary text). For uniaxial boundary conditions, we observe that the relative capacitance increases linearly as the sample is stretched (eq. S11). For biaxial test conditions, we observe that the relative change in capacitance follows C/C 0 = l 4 (eq. S12); however, at higher strains, the measured values are slightly lower, due to a decrease in the permittivity of the dielectric (24) .
The illuminance of the HLEC also increases as the device is stretched. We attribute this change to two interrelated phenomena: (i) the increase in electric field (E) as d decreases and (ii) the decrease in areal number density of phosphor particles (h) as A increases. Starting with the AlfreyTaylor equation (eq. S13, fig. S3 , and data table S6) (29), we predict the scaling law in Eq. 1 by expressing E/E 0 as a function of the principal stretches and by correcting for the change in h with stretching (h/h 0 º A 0 /A) (supplementary text). The predicted trend is shown alongside luminescence measurements in Fig. 2C (data table S7)
To demonstrate the ability to monolithically integrate the HLEC into soft systems, we embedded three HLEC panels in a crawling soft robot by bonding six layers together. The top four layers make up the electroluminescent skin, whereas the bottom two are used for pneumatic actuation (Fig. 4A) . Inspired by architectures developed for mobile soft robots (30), our pneumatic actuator uses a series of inflatable chambers embedded in silicone, with a bottom layer composed of an inextensible fiber-elastomer composite (28) . The inextensible layer induces a net bending moment as the pneumatic chambers are inflated; the resulting curvature is exploited to create an undulating gait. ). As each pneumatic chamber is pressurized, the outer electroluminescent skin is stretched, increasing the electric field across the EL layer and thus the luminescence.
The crawling robot uses its HLEC skin to sense its physical state and environment (i.e., proprioception and exteroception). The capacitance of the HLEC changes with pneumatic actuation (Fig. 4B and data S8) and externally applied pressure (Fig.  4 , C and D, and data table S9) (10) . Actuation of the three underlying pneumatic chambers results in capacitance changes (D C) of up to 1000% when the chambers are fully inflated. Additionally, each HLEC panel is largely decoupled from the state of the surrounding pneumatic chambers ( fig. S4 and data table S11) (28) . The ability to identify the actuated state of the robot using the capacitive sensor readings enables proprioception. To demonstrate the tactile sensing capabilities of the electronic skin, we pressed each of the HLEC panels on the robot and measured the capacitive response (Fig. 4C) . A firm finger press resulted in a~25% increase in capacitance. The relative capacitance versus applied pressure, ranging from 0.9 to 30.9 kPa, remained nearly constant over a period of 120 hours (Fig. 4D) . Arrays of these tactile sensors enable exteroception in soft robotic systems.
An array of three HLEC panels patterned into the three-chambered crawling robot enables eight distinct illuminated states (Fig. 4E) . The embedded HLEC remains functional as the robot is actuated through its crawling sequence ( Fig. 4F and movie  S3 ). During actuation, the embedded HLEC undergoes stretches of l 1 = 2.63 and l 2 = 2.42 in the longitudinal (front to rear) and transverse (side to side) directions, respectively, to produce a~635% increase in the skin's surface area ( fig. S5 ). Similar to the single-panel HLEC (movie S1), the luminescence of the embedded skin increases during actuation as its thickness is decreased.
Integrating these highly stretchable and compliant displays into soft actuators enables two new capabilities in soft electronics: (i) displays that actively change their shape and (ii) robots that actively change their color. Using replica molding, we fabricated a multipixel array of individually addressable HLECs, and we used the same process to monolithically integrate these displays into a soft robot capable of changing posture. The HLEC array imparts both dynamic coloration and the potential for feedback control, which would be useful in epidermal electronics (31) and robotics (32) . Although the luminous efficacy of our HLEC (43.2 mlm W −1
) is not as high as that of commercial AC powder electroluminescent devices (~4 lm W −1 ) (32), it can be greatly improved by tuning the materials system and device architecture (such as higher-transmissivity encapsulation layers, reduced thickness, and optimized particle size). For applications requiring higher display resolution, HLECs could be made compatible with photolithography and other microfabrication techniques by using photopolymerizable polymers. These techniques would also allow us to decrease the thickness of the electroluminescent layer, thereby reducing the voltage required to power the HLEC. Goal-directed human behaviors are driven by motives. Motives are, however, purely mental constructs that are not directly observable. Here, we show that the brain's functional network architecture captures information that predicts different motives behind the same altruistic act with high accuracy. In contrast, mere activity in these regions contains no information about motives. Empathy-based altruism is primarily characterized by a positive connectivity from the anterior cingulate cortex (ACC) to the anterior insula (AI), whereas reciprocity-based altruism additionally invokes strong positive connectivity from the AI to the ACC and even stronger positive connectivity from the AI to the ventral striatum. Moreover, predominantly selfish individuals show distinct functional architectures compared to altruists, and they only increase altruistic behavior in response to empathy inductions, but not reciprocity inductions.
T he theory of revealed preference (1) provides the choice-theoretic foundations for modern economics. In this view, preferences cannot be identified independently of behavior, and motives play no causal role in economists' explanatory toolbox-a view that is in direct contradiction to the neuroeconomic approach (2) (3) (4) . In psychology, motives are also considered to be independent drivers of goaldirected human behavior (5) . Motives are, however, mental constructs that are not directly observable and frequently not even accessible introspectively, meaning that asking people does not provide relevant information about motives (6, 7). Therefore, human motives have been typically inferred from individuals' behavior by assuming that different motives lead to different behaviors.
